ABSTRACT Gamma-ray energy absorption buildup factors of gaseous mixtures; neon (95%) + argon (5%), argon (95%) + acetylene (5%) , argon (95%) + methane (5%), argon (95%) + carbon dioxide (5%), methane (70%) + pentane (30%) and argon (90%) + methane (10%) were studied by Geometrical Progression (G-P) fitting for the photon energy range 0.015-15 MeV. It was found that the equivalent atomic number, Z eq of the gaseous mixtures sharply reduces after 1 MeV photon energy. The Z eq for the mixture of methane (70%) + pentane (30%) is the minimum, whereas the maximum is for argon (95%) + carbon dioxide (5%) for the photon energies under investigation. The Energy Absorption Buildup Factor (EABF) for methane (70%) + pentane (30%) was found to be the highest among all the selected gaseous mixtures. The chemical composition of the gaseous mixtures has an impact on the EABF values for photon energy and penetration depth. The investigation of the EABF is useful for selection of gaseous mixtures in design consideration of gaseous radiation detectors for gamma radiation.
Introduction
Gamma-ray energy absorption and the exposure buildup factor in the air medium has been established for the infinite medium. The air is one of the most important media for interaction of ionizing radiation for measurement of gamma radiation. Other than air, many other gases and their mixture/combinations are used for gamma radiation detection as an active volume of the detectors. Radiation measuring instruments such as the ionization chamber, proportional counter and Geiger Muller counter are commonly used for natural as well as artificial radiation. The radiation emitted from natural radioactivity is of limited photon energy, whereas gamma photon energy ranges from 0.10-10 MeV during reactor operation and even higher energy in accelerators. Gamma radiation sources in the reactors are delayed gamma, prompt gamma, captured gamma and gamma photons emitted due to activation (example: 7 N, 8 O, 11 Na, 18 Ar, 25 Mn, 27 Co, 28 Ni, 36 Kr, 37 Rb, 40 Zr, 41 Nb, 42 Mo, 44 Ru, 54 Xe, 51 Sb, 55 Cs, 56 Ba, etc.) . In low photon energy from a few keV to MeV, photoelectric absorption and Compton scattering are the dominant interaction processes, whereas pair-production becomes significant at high photon energies. The gamma-ray photon energy absorption and exposure buildup factor for air, water, lead, concretes, boron and other combinations have been evaluated (Raza and Avila, 2005) . It has been reported that conventional radiation monitors underestimate the personal dose equivalent in high-energy bremsstrahlung photon radiation fields near electron storage rings (Haridas et al., 2006) . Since interaction of gamma-ray photons with the medium is energy, thickness and elements dependent, therefore the buildup factors in gaseous medium of the detectors may also be photon energy-dependent. The response of the radiation detector to high-energy gamma photons is not similar compared with low-energy gamma photons (Allard et al., 1992) ; therefore, the study of buildup of gamma photons in the gaseous medium is extremely important in the design of the detector and mixture selection. The application of various types of gases and mixtures of the radiation detectors also cause buildup of gamma photon energy, which needs to be studied. Effective atomic numbers, Z eff , effective electron densities, N eff and tissue equivalence of some gases and gaseous mixtures of radiation detectors have been studied (Singh and Badiger, 2011 , 2012a , 2012b .
The interaction of gamma-ray photons with the medium/material degrades their original energy and causes a buildup in the medium, giving rise to secondary radiation. The buildup of gamma-ray photons is estimated by the "buildup factor", a dimensionless multiplication factor which corrects the response of uncollided photon beams. The buildup is defined as the ratio of the total value of a specified radiation quantity at any point to the contribution to that value from radiation reaching the point without having undergone a collision. There are two types of buildup factors: (a) the absorbed or deposited energy in the interacting materials and detector response function is that of absorption in the interacting medium; (b) the exposure buildup factor, in which the quality of interest in the exposure and detector response function is that of absorption in air (Harima, 1993) . The buildup factors have been computed by various codes such as PALLAS (Takeuchi and Tanaka, 1984 , ADJMON-I (Simmons, 1973; Chilton et al., 1980) , ASFIT (Gopinath and Samthanam, 1971 ) and EGS4 (Nelson et al., 1985) .
The compilation of buildup factors was reported in gamma-ray attenuation coefficients & buildup factors for engineering materials, ANSI/ANS-6.4.3-1991 standard, by the American Nuclear Society (ANSI, 1991), which presents evaluated gamma-ray elemental attenuation coefficients and single-material buildup factors for selected engineering materials for use in shielding calculations of structures in nuclear power plants and other nuclear facilities. The data cover the energy range PHOTON ENERGY ABSORPTION BUILDUP FACTORS OF GASEOUS MIXTURES 0.015-15 MeV and up to 40 mean free paths (mfp). These data are intended to be standard reference data for use in radiation analyses employing point-kernel methods. The ANSI/ANS-6.4.3-1991 standards have been withdrawn from the American Nuclear Society but presently no reference data are available for buildup factors; therefore, these data have been taken as a reference in our study. The buildup factors in ANSI/ ANS-6.4.3-1991 (Knoll, 2000) for calculation of the energy absorption buildup factor (EABF) in the photon energy range 0.015-15 MeV up to 20 mfp or penetration depth by geometrical progression (G-P) fitting formulae developed by Harima (1993) . The penetration depth of 20 mfp was chosen because deeper is not practically possible for the detector. The G-P fitting formula is known to be excellent within the estimated error <5% analyzed for various materials. The buildup factors of the ANSI/ANS-6.4.3-1991 standard can be calculated by other methods such as invariant embedding (Akinao, 2002; Sakamoto and Tanaka, 1988; Shimizu, 2002; Shimizu et al., 2004) . The variations in the EABF with photon energy, penetration depth and their chemical compositions have also been investigat ed by G-P fitting for polymers and tissue substitute materials , human tissue , concrete shielding Badiger, 2012a, 2012b) and dosimetric materials (Manohara et al., 2010) , etc. and established the best available methodology.
Various types of radiation detectors; Geiger counter, proportional counter and ionization chambers are used for gamma radiation measurement. The EABF of the gaseous mixtures used in the radiation detectors is not found in the literature at present. Therefore, we took some different combinations of gases as neon (95%) + argon (5%), argon (95%) + acetylene (5%), argon (95%) + methane (5%), argon (95%) + carbon dioxide (5%), methane (70%) + pentane (30%) and argon (90%) + methane (10%) to study the EABF of the radiation detectors comprehensively. The study can also be further extended for other combinations of the gases. The results of our investigation are very useful for understanding the behavior of the gaseous medium of detectors for amount of deposition of photon energy, required attenuation length and chemical composition dependence. The detailed analysis of the photon interaction in the gaseous medium proves its suitability for radiation monitoring and correlation with the operational quantity for radiological protection of workers from ionizing radiation. The energy of gamma photons covers the range 0.015 to 15 MeV for 20 mfp, sufficient thickness of the gaseous medium to understand the phenomenon of interaction inside the detector. The gas pressure of the detector cavity was not considered during the investigation, although our results would also be useful for other analysis.
Computational work
The buildup factors and the G-P fitting parameters are calculated by a method of interpolation from the equivalent atomic number, Z eq , of the gaseous mixture. The computational work of these parameters is completed in three steps as follows: -calculation of equivalent atomic number, Z eq , -calculation of G-P fitting parameters, -calculation of buildup factors.
The Z eq, is a parameter which describes the composite material properties in terms of equivalent elements similar to atomic numbers for a single element, and hence represents one atomic number instead of the various atomic numbers of the elements. Since the interaction process of gamma-ray photons with gaseous mixture is by photoelectric absorption, Compton scattering and pair-production is energy-dependent therefore Z eq for each interaction varies according to the energy of the photons. However, the buildup of photons in the gaseous medium is essentially due to multiple scattering events, so that the Z eq is derived from the Compton scattering interaction process.
The Z eq for individual gaseous mixtures is estimated by the ratio of (µ/ρ) Compton /(µ/ρ) Total , at a specific photon energy with the corresponding element at the same energy. Thus, first the Compton partial mass attenuation coefficient, (µ/ρ) Compton , and the total mass attenuation coefficient, (µ/ρ) Total , are obtained for elements of atomic numbers Z = 4 to 40 for the chosen gaseous mixtures in the photon energy region 0.0015 to 15 MeV using the WinXCom computer program developed by Gerward (Gelward et al., 2001 (Gelward et al., , 2004 , which was earlier developed by Hubbell (Berger and Hubbell, 1987/1999 ).
The interpolation of Z eq is employed by the formula (Harima, 1983; Maron, 1987) : (1) where Z 1 and Z 2 are the atomic numbers of the element corresponding to the ratios R 1 and R 2 , respectively. R is the ratio (µ/ρ) Compton / (µ/ρ) Total at specific energy and the ratio (µ/ρ) Compton / (µ/ρ) Total for the Z eq lies between two successive ratios of the elements such that R 1 < R < R 2 . The Z eq values of the different selected gaseous mixtures are shown in Figure 1 , which shows that the Z eq values are approximately constant up to 1 MeV photon energy and afterward begin decreasing.
The G-P fitting parameters are calculated in a similar fashion to the interpolation procedure for the Z eq . The G-P fitting parameters for the gaseous
mixtures were interpolated using standard ANSI/ANS-6.4.3-1991 standard elemental data:
( 2) where C 1 and C 2 are the values of the G-P fitting parameters corresponding to the atomic numbers of Z 1 and Z 2 , respectively, at a given photon energy.
The third and final step for buildup factors is estimation of the fitting parameters (b, c, a, X k and d) in the photon range of 0.015-15 MeV by the equations (Harima et al., 1986) : (4) where (5) for penetration depth (X) ≤ 40 mfp where X is the source-detector distance for the medium in terms of mfp and b, the value of the exposure buildup factor at 1 mfp. K(E, X) is the dose multiplicative 
Results and discussion
Uncertainties in the EABF estimation by G-P fitting are one of the important aspects for suitability of the data. The buildup factors by ANSI/ANS/6.4.3-1991 and G-P fitting formulae have been verified for air and water by several investigators Manohara et al., 2010) . In addition, the Exposure Buildup Factor (EBF) of water has been compared for ANSI/ANS/6.4.3-1991, G-P fitting and the MCNP5 photon energy range 0.015-15 MeV and various penetration depths Badiger, 2012a, 2012b) which is worthless to describe here. The MCNP5 results vary from those of the standard ANSI/ANS/6.4.3-1991 with a maximum deviation of 13.83% due to difference in cross-section libraries, method of solution for codes, calculation methods, standard deviation and physics assumptions for bremsstrahlung and coherent scattering (Luis, 2009 ). These quantitative and comparative analysis shows that our results in the present work for gamma-ray EABFs in the gaseous mixture will be within the acceptable range of uncertainties. The absolute values of maximum deviation in the EBF for water in G-P fitting are within 0.5-3%, which are much lower compared with Berger and Taylor (Harima et al., 1986) . It is found that the calculation of the buildup factor database in the present work and ANSI/ANS/6.4.3-1991 agrees for air and water within a few percentage of uncertainty analysis. Therefore, the G-P fitting method seems to reproduce the EABF with acceptable accuracy. The investigations of differences in the estimated buildup factor by the present method with standard data are in excellent agreement. This microscopic uncertainty analysis gives us confidence in our result for estimation of the EABF for mixtures of gases used in radiation detectors.
Variation of energy absorption buildup factor with photon energy
Variations in EABF values of gaseous mixtures with photon energy are shown in Figure 2 . We found that the EABFs of the gaseous mixtures are very small at low and high photon energies, whereas they are higher at the intermediate photon energies. At low and high photon energies, photoelectric absorption and pairproduction are the dominant interaction processes which remove the photons from the gaseous medium. From Figure 2 , it can be seen that the photoelectric absorption at low photon energy is significant and the EABF for high Z eq , argon (95%) + carbon dioxide (5%) is smaller compared with methane (70%) + pentane (30%). The reason is that the photoelectric absorption is directly proportional to Z 4-5 and E -7/2 ; therefore, Z eq plays a vital role in the low photon energy region. The buildup factor for high Z eq gaseous mixtures at low photon energy (<0.05 MeV) is observed to be negligible because of maximum removal of 
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photons from the mixtures. In the intermediate energy region, the buildup factor increases due to multiple scattering of photons by the gas molecules as the Compton scattering cross-section is of greater value as increase linearly with Z and inversely proportional to photon energy (E -1 ). The energy at which the buildup factor is maximum, E max , shifts towards higher values as the attenuation thickness or penetration depth increases. The mixture of argon (95%) + carbon dioxide (5%) shows the lowest EABF values, whereas neon (95%) + argon (5%) and methane (70%) + pentane (30%) show high values.
Variation in energy absorption buildup factor with penetration depth
Variation in EABFs with penetration depth is shown in Figure 3 . We found that the EABF increases with the increase in the penetration depth of the gaseous mixtures of the radiation detectors. The EABF of the selected gaseous mixture is found to be constant (~unity) at a photon energy of 0.015 MeV. The EABFs at 0.015, 0.15, 1.5 and 15 MeV photon energies are in the ran es 1.04-6.25, 1.98-4308.71, 1.43-40.83 and 1.01-6.06, respectively. The maximum buildup factor is found to be of the order of 10 4 at 20 mfp for methane (70%) + pentane (30%) at a photon energy of 0.15 MeV and the minimum of the order of 1 at 0.015 MeV for neon (95%) + argon (5%). It is to be noted that the EABF at a photon energy of 15 MeV is always less than at 0.15 MeV and 1.5 MeV, whereas it is greater than at 0.015 MeV. Although, in the case of methane (70%) + pentane (30%), the buildup factor is observed to be the lowest at a photon energy of 15 MeV, which may be due to having the lowest Z eq of gaseous mixture.
Variation in energy absorption buildup factor with chemical compositions
The EABF at a particular penetration depth varies with the variation in photon energy due to the chemical compositions of the gases. Figure 4 shows that the buildup factors for the mixtures of the gases increase with the increase in the penetration depth, as the EABF for methane (70%) + pentane (30%) goes from 3.6 at 0.5 mfp up to the order of 10 4 at 20 mfp. It is observed that the buildup factors increase with the increase in penetration depths for low Z eq up to 5 mfp, whereas comparatively higher Z eq start increasing afterward. It can be explained by the photoelectric absorption as cross-section τ α Z 4-5 /E 7/2 so the high Z eq gaseous mixture in low photon energy region remove photons which result in lower buildup factor. At a photon energy of 15 Mev, the Compton scattering crosssection is lowest; therefore, the buildup factors seem to be independent of the chemical compositions of the gaseous mixtures and have similar order values for the buildup factors. A very interesting behavior of reverse order of EABF of gaseous mixture is found as photon energy increases beyond 3 MeV and 5 mfp penetration depth. The EABF value increases with increase penetration depth for higher Z eq gaseous mixtures whereas reduces for lower Z eq gaseous mixtures above 15 MeV photon energy. This can be explained by the pair/triplet production in high photon energy which generates secondary radiation after annihilation of rest positions whith electrons. In larger penetration depth of the gaseous mixture ( 5 mfp), reverse order EABF is noticeable because of availability of sufficient medium length for interaction.
Conclusions
• Z eq of the gaseous mixture methane (70%) + pentane (30%) is found to be 5.2 to 5.3 closer to the Z eff of tissue (Z tissue = 7.4) below 100 keV and decreases sharply to 4.2 above a photon energy of 1 MeV. • Z eq of neon (90%) + argon (5%) is found to be 10.4 to 10.9 for the photon energy range 0.015-15 MeV and other gaseous mixtures have very high Z eq.
• Energy absorption buildup factors of the gaseous mixtures are photon energydependent with lower values at low and high photon energies due to photoelectric absorption and pair-production. • The energy absorption buildup factor slowly increases with the increase in penetration depth and becomes constant afterward.
• For penetration depth of  5 mfp and photon energy < 3 MeV, energy absorption buildup factors are higher for low Z eq gases such as methane (70%) + pentane (5%) and Neon (95%) + argon (5%).
• As penetration depth increase above 5 mpf, energy absorbtion buildup become higher for comparatively hight Z eq gaseous mixtures.
